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CHAPTER 1

REPORT INTRODUCTION

The role of seismology in monitoring nonproliferation is one of detection and

discrimination of low-yield devices detonated in uncalibrated environments. The backbone of

monitoring effort will be at regional distances, so it is essential to develop a detailed understanding

of short-period, regional distance seismic phases from nuclear explosions, chemical explosions,

and earthquakes. Most discrimination schemes are based on the excitation of various phases.

Unfortunately, these regional distance phases are a complex combination of both propagation and

source effects, and any algorithm for automated discrimination will require both empirical and

analytical development Here we report on our research efforts to study different types of seismic

events at regional distances.

In Chapter 2 we discuss recovering the source parameters of small earthquakes recorded on

a very sparse, very broadband network. We have chosen to work on earthquakes at this

developmental stage because of the much larger data base available. We have developed a single

station moment tensor algorithm (SSMT), which appears to work very well. This algorithm is

very similar to the ML:M0 discriminant reported by Woods et al. (1992).

In Chapter 3 we discuss an empirical data base for large chemical explosions. This is of

particular concern to global proliferation monitoring since there are many thousands of industrial

explosions per year with magnitudes of the order of mb = 2.5. This is the generally accepted

magnitude which would correspond to a fully decoupled 1-kt nuclear explosion. Although there is

considerable debate on whether 1 kt is an appropriate yield to expect in a nonproliferation

environment, it is the size required to develop "boosted weapons." The spectral-temporm
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characteristics of regional seismograms can be used to discriminate between different types of

seismic sources. Most large mining explosions have a unique signature in the frequency domain

due to the "ripple-fire" detonation explosions separated by small distances and times. We have

attempted to better quantify the signature of ripple-fire explosions as a function of travel path,

propagation distance, and shot configuration by studying chemical explosions in several

environments.

Regional distance seismograms are often difficult to deterministically model. The

characters of the phases Pg and Lg show a very strong dependence on travel path. Although

scattering is apparently very important in controlling these phases, the gross features of the crustal

waveguide, such as crustal thickness, Pn velocity, and the "continuity" of the waveguide, have a

strong signature on the efficiency of Pg and Lg propagation. In Chapter 4 we have regionalized

the crustal structure in the area around the western Himalayan syntaxis (Iran, Afghanistan,

Pakistan, and northwestern India) and regions of concern for nonproliferation monitoring.

The Lop Nor underground nuclear test site is located in the northeastern corner of the Tarim

Basin, Xinjiang Province, China. On 21 May 1992 the largest underground explosion since 1976

took place here (mb = 6.6). This explosion, as with most detonated at Lop Nor, had a significant

component of nonisotropic seismic radiation. The SH and Love wave energy appears to be

consistent with a double-couple source. To better understand the teczonic release, we have begun

to study the seismotectonics of the region.
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CHAPTER 2

THE DETERMINATION OF SOURCE PARAMETERS FOR

SMALL EARTHQUAKES FROM A SINGLE SEISMIC STATION

Introduction

Determination of the source parameters of shallow, moderate-sized earthquakes

(ML < 5.5) is an important seismological problem for several reasons. Earthquakes of this

type have widespread geographic occurrence, and in some cases, these earthquakes

provide the only clue to the active tectonics of a region. A considerable amount of effort

has been expended to determine the source parameters of this size earthquake, although

such determinations are beset with difficulties. Most of these events are too small to be

well recorded teleseismically, so regional waveforms must be used to determine the source

parameters. Wallace and Helmberger (1982) and Patton (1988) have developed inversion

procedures for regional body and surface waves respectively. These methodologies allow

the routine determination of source parameters for events as small as magnitude 5 when

recorded by 3 or more stations. The installation of high quality, very broadband seismic

stations suggests that these methods may lower the magnitude threshold to less than 4.5.

Unfortunately, as the magnitude of events is reduced the number of recording

stations is correspondingly reduced. Several authors have suggested that fairly complete

source information can be extracted from a single seismic station given certain conditions.

Langston (1979; 1982) used P and SH waveforms to discriminate between fault types.
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Ekstrom et al. (1986) applied the centroid moment tensor (CMT) method to retrieve focal

mechanisms of large events, and Jimenez et al. (1989) developed a technique utilizing

regional distance surface waves. Since new techniques of locating earthquake epicenters

have been developed, it is possible to determine the epicentral parameters of an earthquake

by using seismic data recorded from a single, three-component station (Ruud et al., 1988).

In this paper we present a simple linear moment tensor inversion procedure to retrieve the

seismic source parameters at a single station which is situated at local to regional distances

from a hypocenter. In this distance range the structure of the crust has a strong effect on

body waves and therefore there are trade-offs between modeling assumptions and source

parameters. Fortunately, the effect of the source orientation on the waveforms is fairly

decoupled from the effects of the structural details, and essential information, such as the

type of faulting, can be retrieved with very simple assumptions about the crustal model.

The inversion procedure is tested on two small earthquakes which were recorded

on an IRIS/USGS GSN station located 65 km from the epicenter. The events were also

well recorded on a local short-period network, which provides a basis for comparison of

the fault plane parameters. The ability to recover accurate source parameters from a single

station will be proved useful on at least two counts: (1) it will lower the magnitude

threshold for which accurate source parameters can be determined from sparse broad band

networks, and (2) it will greatly improve the information that can be recovered from

portable instrumentation, such as a PASSCAL field recorder (with broad band sensors)

which might be used for monitoring aftershocks or low level seismicity.
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The Inversion Procedure

Linear moment tensor inversion techniques using body wave synthetic

seismograms have been developed by numerous investigators (Stump and Johnson, 1977;

Langston, 1981; Wallace et al., 1981; Wallace and Heimberger, 1982). Here we minimize

the difference between observed and predicted ground displacements in three-components.

Observed seismograms are windowed from the onset of P (or S) to arrivals of multiply

reflected S (or surface wave). The synthetics are calculated using generalized ray theory.

Following Langston (1981) the cylindrical displacements from a purely deviatoric point

source in a layered stack can be represented as

3
v(t,r,z) = s(t) * Z Hvi(t,r,z) A1i

i=l1

3

q(t,r,z) = s(t) * N Hqi(t,rz) Ai
i--1 (1)

2

w(t,r,z) = s(t) * • Hwi(t,r,z) A'i+3
i=l

where v, q, and w represent the displacements for vertical, radial and tangential

components respectively, s(t) is the normalized far-field source time function and (*)

represents convolution. The Hdi terms (where d=v, q, or w) represent the Green's

functions for the three fundamental faults: vertical strike-slip, vertical dip-slip, and 450

dip-slip (Langston and Helmberger, 1975). The coefficients of the horizontal radiation

pattern A'i can be written as
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A:, = 0.5(Myy-Mxx)Cos(2AZ)-Mxysin(2AZ)

A:2 = M,.cos(AZ) + Myzsin(AZ)

A'3 = 0.5(Mxx+Myy)

A4 = 0.5(Mxx-Myy)sin(2AZ) - Mycos(2AZ)

A:5 = Myzcos(AZ) - Mxzsin(AZ)

where AZ is the azimuth between the source and receiver measured in a clockwise manner.

Most small events have simple time functions, which can be treated as "known" in

equation (1). The other terms in (1) can be rearranged so that the moment tensor elements

are factored; we can rewrite the displacements in terms of a linear combination of the

moment tensor elements:

dv = 0.5. [GV45D - GVST. cos(2AZ)] • Mxx

+ 0.5. [GV45D + GVST. cos(2AZ)] • Myy

- GVST. sin(2AZ) • MXY

+ GVDP. cos(AZ) • Mxz

+ GVDP. sin(AZ) • Myz

dr = 0.5- [GR45D - GRST • cos(2AZ)] • Mxx

+ 0.5- [GR45D + GRST. cos(2AZ)] • Myy

- GRST. sin(2AZ) - MXY (2)

"+ GRDP • cos(AZ) • Mxz

"+ GRDP • sin(AZ) • Myz



dt= 0.5 • GTST. sin(2AZ) • MXX

- 0.5. GTST. sin(2AZ) • Myy

- GTST • cos(2AZ) . MXY

- GTDP. sin(AZ) - Mxz

+ GTDP . cos(AZ) • Myz

where GV (ST, DP, 45D) are the vertical Green's functions for the three fundamental fault

orientations. GR and GT are Green's functions for the radial and tangential displacements

respectively. The character of the G-:en's functions is related to the crustal structure and

the source configuration, therefore it changes with source depth. Assuming a multi-

layered crustal structure with a source located in the first layer, the three fundamental

Green's functions were generated at a range of focal depth for an epicentral distance of 60

km. Figure 1 a), b) and c) show the three fundamental Green's functions for the

tangential, radial and vertical component, respectively.

Equation (2) can be written as a series of simple expressions:

dk(X,t) = (Gki~j * s(t)) Mij (3)

where dk(x,t) represents the displacement vector and Mij is the seismic moment tensor.

Equation (3) has been used extensively to model regional distance seismograms

(Helmberger and Egen, 1980; Wallace and HeImberger, 1982; Wallace, 1986; Holt and

Wallace, 1987).

The matrix form of equation (3) is

d = Gm (4)
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where d is a n-vector representing displacements sampled in the time domain; G is a n x

5 matrix and composed of the Green's functions, which are calculated from the generalized

ray theory (although any technique is applicable) and convolved with the source time

function and instrument response. Assuming a purely deviatoric moment tensor, m is a

vector containing five model parameters (the moment tensor elements: Mxx, Myy, Mxy,

Mxz, and Myz). The moment vector m can be determined by a generalized inverse method

which minimizes the difference between the observed and synthetic waveforms. For

uncorrelated data with a number of samples larger than 5, the system of equation (4) is

overdetermined. This suggests that the moment tensor elements can be determined from a

single, three-component seismic recording if the Green's functions are accurate enough.

The inversions are performed at a suite of focal depths, and the solutions obtained

at various depths are objectively compared to constrain the "best" hypocentral depth. The

inversion uses singular value decomposition (SVD), which allows us to evaluate the

resolvability, stability and the trade-offs between moment tensor elements (Menke, 1989).

Typically the largest non-zero singular values are less than 10, and the smallest are

between 0.03 to 2. The condition number, X, is the ratio of the largest to smallest non-

zero singular value. We consider the inversion to be stable if X is less than 100.

However, it must be noted that smaller condition numbers do not necessarily mean a better

fit between the synthetics and observed waveforms. Thus, we do not use the condition

number X for assessing the fits at various focal depths. The best fit focal depth and the

fault plane solution are chosen in accordance with (1) the RMS error and (2) the moment

variance.

The summed root-mean-squared (RMS) error measures the goodness of the fit, and

can be written as:
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N
E.s = [ 1N (Oi - Ci)2 ] I/2 (5)

i=l1

and the summed squared misfit (SSM) obtained in the inversion can be represented in a

similar way as

N
Ess.m = ( Oi - Ci)2 (6)

i=l

where Oi and Ci are observed and predicted ground displacements, respectively; and N is

the total number of samples within the inversion window for each component. Figure 2

is a map of the RMS error versus depth obtained in our numerical experiments, which used

synthetic seismograms as "observed" data and moment tensor inversion method to resolve

typical sources of strike-slip, normal and reverse fault. It shows that the RMS error

changes with depth and the minimum of the RMS error corresponds to the assumed "best"

source depth of 10 km, thus providing a means for determining the focal depth and source

parameters if three components were equally weighted. The SSM curve is similar to the

RMS error curve, as expected (see Figure 3).

The moment variance measures the match in the amplitude and polarity between

observed data and synthetics assuming that the seismic moment inferred from each

component is constant. The moment variance is defined by

C;2>- (Mi-Mo)2 (7)

i

where C2 is the summed specified error, Mi is the ratio of the maximum amplitudes

between the observed data and the synthetics, and Mo is the predicted scalar seismic

moment, determined by the average ratio of the maximum amplitudes between the

12
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observed data to the synthetics for each component. The first motion polarity matches

between the observed seismograms and the synthetics are also used to satisfy this criterion.

The moment variance is similar to the objective function adopted by Langston (1981).

Table 1 shows that the moment variance and the objective function both change with

depth from numerical experiments for strike-slip, normal and reverse faults. Apparently,

the minimum of the moment variance occurs at the assumed source depth, which then

provides another means for determining the best-fit source parameters.

To test the inversion procedure we conducted several numerical experiments. In

particular, we explored the trade-offs between inaccurate source models and source

orientation, determined source depth using "best fit" criteria, and assessed the resolvability

of various moment tensor elements. The "data" used in the experiments were synthetic

seismograms computed for a range of 60 kin; the source time function was a trapezoid

(rise time, fault duration, and stopping time equal to 0.2, 0.4, 0.2 seconds, respectively)

appropriate for small earthquakes. The crustal model used in the computation of the "data"

has three crustal layers over a half-space mantle with a total crustal thickness of 32 km,

which is illustrated by Figure 4a). For synthetics we used several models. In all models

the density and P velocity increases with depth and usually range ablx-t 2600 - 2800 kg/m3

and 5.5 - 6.4 kin/s, respectively, except for a model with a thin sedimentary layer. The

mantle half-space has a density of 3300 kg/m 3 and P velocity of 7.9 - 8.2 km/s. The

seismic source resides within the upper crust and has a fixed depth of 10 km. Usually

several hundreds rays were evaluated and summed, including the direct and reflected rays

as well as converted phases. Since the seismic events are at local distances, the effects of

attenuation are negligible, and no attenuation is used in our analysis.

15



Table 1 Moment Variance and Objective Function at

Different Focal Depths for Three Typical Faults

Depth Moment Variance Objective Function

(Ian) Strike-Slip Normal Thrust Strike-Slip Normal Thrust

6 1.1400 0.3544 0.4936 20.3002 0.9810 0.7114

8 0.9208 0.1966 0.9073 9.9816 0.7945 1.2618

10 0.4698 0.0227 0.0242 3.8092 0.3285 0.2770

12 1.0647 0.7353 0.4630 7.6729 0.4739 0.9738

14 0.7333 0.5676 0.3979* 3.6079 1.0634 2.0110*

* indicates the reversed polarity for some of predicted synthetics.
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Generally speaking, this moment tensor inversion method is able to retrieve the

focal depth and the source orientation of different kinds of model earthquakes. Table 2

a), b) and c) shows results from the moment tensor inversion for strike-slip and dip-slip

(normal and thrust) faults, respectively. In all three cases, the focal mechanisms were well

recovered around the best-fit depth with a small uncertainty. As the dip angle of a dip-slip

fault changes, the best double couple solutions from the moment tensor inversion are also

in good agreement with the original source orientations (see Table 3).

The most important rays in resolving the source orientation are direct rays and early

arriving reflected rays and converted phases. The rays that arrive later provide less

constraint on the source (Wallace, 1986). Since some converted phases and higher-order

multiples have little effect on the shape of the waveforms in the inversion, they are less

important in resolving the source mechanism. Generally speaking, upgoing waves are

more important than downgoing waves.

It is instructive to test the model dependence of the method in its ability to recover

the source. We conducted several experiments by varying the crustal models used in

generating the Green's functions. Except for the one-layer crustal model, all multi-layered

models have the same uppermost source layer, and we introduce small perturbations in

crustal structure in the lower crust beneath the source (see Table 4). Both a dip-slip and

a strike-slip source were tested. In nearly all cases the principal stress axes determined

from the inversion are in good agreement with the starting source mechanism. At the local

distance range (60 1In) structural perturbations in the upper crust most strongly affect the

source recovery-, in contrast, the lower crustal structure has minor influence on the seismic

source if the source resides in the upper crust. Better knowledge of the upper crust (above

the source, including the source layer) enhances the ability to retrieve the seismic source

(Heinberger and Johnson, 1977) and the effects of the lower crust have little influence on

18



Table 2a). Results of Moment Tensor Inversion for

a Strike-Slip Fault at Different Focal Depths

Depth (km) 6 8 10 12 14 Model

Mxx -0.1069 1.0000 0.7753 1.0000 0.8180 0.6403

MW -0.5599 -0.0021 -0.8682 -0.4691 -0.2332 -0.6403

Mxy 0.1953 -0.5512 -0.5015 -0.4871 -0.4730 -0.7631

Mxz 0.1258 0.1330 0.1599 0.1319 0.1732 0.0819

Myz -0.4108 -0.0066 -0.0215 0.0476 0.4920 0.0298

STRIKE (0) 18.6 62.5 28.8 32.2 36.1 20.0

DIP (0) 61.7 42.0 81.7 64.5 57.9 85.0

SLIP (0) -91.6 84.7 -6.7 21.6 40.1 0.0

P AZ(O) 285 336 344 343 159 335

axis PL(o) 73 3 11 4 1 4

T AZ(o) 110 205 254 251 249 245

axis PL(o) 17 85 1 32 50 4

SSM Error 6.689 4.806 7.30E-3 1.973 4.746

RMS Error 0.3279 0.2688 0.0033 0.1998 0.3150

CLVD(%) 4.484 21.516 6.493 53.209 2.801

Condition 4.077 6.154 7.502 6.687 4.268

Number

19



Table 2b). Results of MomenL Tensor Inversion for

a Normal Fault at Different Focal Depths

Depth (kmn) 6 8 10 12 14 Model

Mxx -1.0562 0.1862 0.1436 0.3554 -0.2597 0.0153

MW -0.8344 -0.3688 -0.5514 -0.4718 -0.3961 -0.3561

Mxy 0.7038 -0.0697 -0.0880 -0.1063 -0.0003 0.0437

Mxz -0.1043 -0.0352 0.4216 -0.2410 0.2827 0.3344

Myz -0.3315 -0.8834 -1.3149 -1.2257 -0.2960 -0.8745

STRIKE (0) 41.0 358.2 16.6 347.9 29.0 20

DIP (0 ) 47.8 81.3 81.4 83.3 63.7 80

SLIP (0) -101.3 -86.9 -79.6 -93.1 -81.4 -85

P AZ(O) 244 272 299 254 317 296

axis PL(o) 81 54 52 52 70 55

T AZ(o) 139 85 98 81 113 106

axis PL(o) 2 36 36 38 18 35

SSM Error 7.870 4.865 0.185 6.577 11.40

RMS Error 0.3255 0.3201 0.0253 0.3051 0.4107

CLVD(%) 15.512 20.567 2.784 28.326 46.288

Condition 4.478 9.973 7.163 8.006 3.996
Number
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Table 2c). Results of Moment Tensor Inversion for

a Thrust Fault at Different Focal Depths

Depth (Ian) 6 8 10 12 14 Model

Mxx 1.0003 -0.7742 0.2391 -0.8310 0.2736 0.0950

MW 0.2315 -0.3301 0.2759 -0.0927 0.1757 0.2457

MX_ -1.1699 -0.0369 -0.4384 0.02841 -0.2233 -0.1753

Mxz -0.1491 -0.0296 -0.5541 0.0941 -0.4523 -0.3059

Myz -0.2531 0.8932 1.2164 0.9519 0.1346 0.8848

STRIKE (0) 74.5 139.3 25.6 120.6 66.6 20

DIP (0) 48.5 61.6 78.6 57.9 68.5 80

SLIP (0) 119.7 -65.3 79.8 -53.5 101.5 85

P AZ(O) 324 92 124 85 148 114

axis PL(o) 1 64 33 59 23 35

T AZ(o) 55 212 283 186 356 284

axis PL(o) 68 13 55 6 65 55

SSM Error 8.177 3.978 0.970 5.981 10.59

RMS Error 0.3383 0.2128 0.0481 0.2462 0.3806

CLVD(%) 31.216 64.127 6.809 56.510 4.648

Condition 6.241 7.132 4.576 5.920 3.877

Numr2

2 1 . ....



Table 3 Inversion Results For a Dip-Slip Fault

with Different Dip Angles

Trial Starting Model Double Couple CLVD SSM RMS

# ST Dip Rake ST Dip Rake (%) Error Error

1 20 90 -85 205 84 75 3.758 0.843 0.040

2 20 80 -85 17 81 -80 2.784 0.185 0.025

3 20 70 -85 7 68 -89 9.464 0.043 0.107

4 20 60 -85 11 57 -93 26.43 2.7E-6 0.5E-4

5 20 50 -85 13 49 -89 24.36 0.129 0.006

6 20 40 -85 15 41 -87 14.70 0.347 0.014

7 20 30 -85 14 32 -92 2.678 0.663 0.027

8 20 20 -85 7 23 -110 4.322 1.427 0.088

9 20 10 -85 28 14 -92 1.895 1.568 0.046
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Table 4

Different Crustal Models Used in Numerical Experiments

Model # of Vp Vs P Th

Layer (kin/s) (kin/s) (kg/m3) (Iam)

Original 1 5.8 3.35 2600 16

3-layer 2 6.0 3.5 2700 02

Crustal 3 6.2 3.6 2800 14

Model 4 8.0 4.6 3300 01

1-layer 1 6.0 3.5 2700 32

Model 2 8.0 4.6 3300 01

2-layer 1 5.8 3.35 2600 16

Crustal 2 6.2 3.6 2800 16

Model 3 8.0 4.6 3300 01

3-layer 1 5.8 3.35 2600 16

Crustal 2 6.2 3.6 2800 02

Model 3 6.4 3.7 2900 14

(A) 4 8.0 4.6 3300 01

3-layer 1 5.6 3.2 2500 16

Crustal 2 6.2 (6.0) 3.6 (3.5) 2800 (2700) 02

Model 3 6.4 3.7 2900 14

(B) 4 8.0 4.6 3300 01

1 5.8 3.35 2600 16

4-layer 2 6.0 3.5 2700 02

Crustal 3 6.2 3.6 2800 08

Model 4 6.4 3.7 2900 06

1 5 8.0 4.6 3300 01
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our ability to resolve the source. This is because the relative timing of various arrivals are

more sensitive to the velocity perturbation in the upper layer than that in the lower layer.

Stretched or squeezed waveforms have to be compensated in some way to reduce the phase

shift. Fortunately, the consequences of a "wrong" crustal model are usually compensated

by changing focal depth if the velocity peturbation is small. Thus the assumption of one

layer over a half space works surprisingly well if the layer velocity is equal to the average

crustal velocity. As a result of this, there is a trade-off between structure and focal depth

and a reasonably recovered source might be accompanied by a "wrong" source depth.

Figure 5 a) and b) show the "true" sources of dip-slip and strike-slip faulting compared

to fault plane solutions found in inversion by using various "wrong" crustal models. In

general the source orientation can be well recovered.

Another limitation to the inversion is the level of the random noise. The fault plane

parameters are unreliable if the signal-to-noise ratio is too small, especially if the character

of the first pulses in vertical and radial components is lost. Even though the model

parameters were still well resolved mathematically, fault plane parameters converted from

the moment tensor elements showed a large departure from the actual source parameters

and indicated that recovery of the source failed. A comparison between the observed and

synthetic waveforms also showed a relatively large RMS error and some inconsistencies

between the waveforms. In general, the moment tensor elements, as well as the fault

plane parameters could be recovered from the inversion if the noise level is equal to or less

than 10% of the maximum amplitude within the inversion windows and there are distinct

first motions. Numerical experiments show that the fault plane parameters were not as

good as those obtained with the noise-free data, but they were fairly consistent with the

starting model. Obviously, the less the noise in the data, the better the recovery of the

source. The early part of record, especially the first motion, plays a very important role in
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Focal Mechanisms
From Different Crustal Models

3-layer Model
Depth = 10 km
ST=20 DIP=80
RAKE=-85 1-layer Model 2-layer Model

Inverted Source 3-layer Model 4-layer Model

Figure 5a
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Focal Mechanisms
From Different Crustal Models

3-layer Model
Depth = 10 km
ST=40 DIP=85
RAKE=0 1-layer Model 2-layer Model

Inverted Source 3-layer Model 4-layer Model

Figure 5b
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this process. On the basis of practical experience (discussed below), it should be possible

to recover the source parameters of events as small as magnitude 2.5 at 60 Inm if recording

conditions are favorable.

Earthquake Analysis

The moment tensor inversion procedure outlined in the preceding section was

applied to two small earthquakes which occurred near Bernardo, New Mexico on 29

November 1989 (event #1) and 29 January 1990 (event #2). The earthquakes are part of a

strong earthquake swarm which began with the November event and has continued

through at least January 1991. There were 15 events with ML > 2.5 and hundreds of

smaller events in the swarm. The epicenters for the events are in the Rio Grande Rift; they

are the largest earthquakes in the Rift since 1906-1907 (Sanford, personal communication,

1990). Figure 6 is a simplified map showing the epicentral region and the focal

mechanisms obtained in this study. The seismograms used in this analysis were recorded

at ANMO (Albuquerque, New Mexico) approximately 65 kIn north of the epicenters. The

epicentral parameters obtained from a local network are presented in Table 5 (Sanford,

personal communication, 1990).

Several crustal structural models have been used in generating the Green's

functions for the inversion. One of the crustal models used is shown in Figure 4b). We

were most concerned with developing a procedure for the routine recovery of the source

mechanism, rather than developing an ideal structural model. The "best" crustal model

was a three-layer crustal model with a total thickness of 32 km which was only a rough

approximation to the real structure. From geophysical studies, a magma body with a
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Table 5 The Epicentral Parameters for Two New Mexico

Events Derived From Local Network

Event Date Origin T-me Epicenter Depth ML A at ANMO

Lat (0) Lon (0) (Ian) (kin)

1 29 Nov.,1989 0 6 h54 m3 7 .9 s 34.46 -106.82 9 4.5 63.5

2 29 Jan.,1990 1 3 h16nI0 9 .6 s 34.50 -106.83 9 4.2 60.2
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thickness of about 150 m is located at a depth of 19 kfn in the central Rio Grande Rift and

extends over an area of at least 1700 km2 near Socorro, New Mexico (Brown er al., 1980;,

Sanford et al., 1977). Seismic study from Rayleigh wave data also indicates the evidence

for a magma-filled dikelike structure about 200 m thick and 28 km long in the middle of the

Albuquerque-Belen basin of the Rio Grande rift (Schlue er al., 1988). The three-layer

crustal model was designed to model the upper crust of the area (neglecting details such as

the magma bodies) and apparently crucial source information has been extracted.

Based on the assumed crustal model, a set of Green's functions were generated for

different focal depths from 4 to 14 Ikn and the generalized inversion was performed. The

time function is a trapezoid (, = 0.5&ri + 8&2 + 0.5&TI) (Heimberger and Malone, 1975)

with a total source duration c being determined from the comer frequency: fo = I/(wr).

The total source duration was 0.5 - 0.7 seconds, which is consistent with the magnitude of

the events. The smallest non-zero singular value in this case was order 1, and the

estimated condition numbers X were about 2.5 to 4.5 which imply stable solutions were

obtained. The moment tensors corresponding to different focal depths were compared.

Based on the two post-inversion criteria (the RMS error and the moment variance), the best

fit fault plane solution could be chosen from a set of diverse double couple parameters.

Table 6 shows the RMS error, the moment variance and the objective function obtained

from our moment tensor inversion at different depth for two New Mexico small

earthquakes.

For event #1 both the RMS error and moment variance were minimized at a depth

of 8 km. Since the transmission paths for P and SH waves are nominally the same, the

amplitudes depend only on the source orientation and seismic moment; and are independent

of details of the source rupture. Slunga (1981) has shown that at a distance of less than

100 km the earthquake source can be determined based on only observation of the polarities
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Table 6 RMS Error, Moment Variance and Objective Function

at Different Focal Depths for Two New Mexico Events

Depth RMS Error Moment Variance Objective Function

(kIn) #1 #2 #1 #2 #1 #2

4 0.431 0.355 0.017* 0.028* 1.115* 2.938*

6 0.479 0.382 0.138 0.009 3.554 1.215

8 0.431 0.394 0.005 0.002 0.559 0.545

10 0.474 0.449 0.021 0.510 3.258 6.711

12 0.487 0.411 0.065 0.011 7.840 0.841

14 0.448 0.418 0.113 0.007 24.319 0.710

* indicates the reversed polarity for some of predicted synthetics.
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and amplitudes. Therefore, the solutions at depths of 4 or 14 km were rejected because of

the large moment variance or opposite polarities of the predicted first motions against the

observed seismograms for the radial and vertical components.

The waveforms for the 29 January, 1990 event are similar to the first event. The

first motion polarities in vertical and radial components were the same, but their amplitudes

were smaller by a factor of 10. The same procedure was applied to the second event, and a

similar conclusion is obtained based on the analysis of RMS errors and the moment

variance. The moment variance reached a minimum at 8 km, although the depth was not

well resolved. We prefer to choose a best fit solution at a depth of 8 km, because of its

consistency with the fault plane solution of the first event.

Using the moment tensor solutions obtained in the inversion, a comparison

between the synthetics and the observed waveforms for the two events is shown in Figure

7. The RMS errors are of 0.43 and 0.39 for the first and the second event, respectively.

The match was good considering the simplified crustal model. Table 7 and Table 8

show the moment tensor elements, the corresponding major double couple parameters, the

percentage CLVD (Compensated Linear Vector Dipole) of the moment tensor, and the

condition number of the inversion for the two events, respectively.

Figure 8 summarizes the fault plane solutions obtained for various crustal

models. Note the orientation of the principal stress axes (and type of faulting) is fairly

consistent for all models. The solutions are similar to the P-wave first motion solution

(Sanford, personal communication, 1990). All the moment tensor results require a normal

faulting focal mechanism with two north-south striking nodal planes. The depth

determined is strongly model dependent. The preferred depth ranges from 8 to 12 km

comparable with the results obtained by Sanford (personal communication, 1990). It is

clear that a multi-layered crust gives the best results and a detailed crustal structure is
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Table 7

Estimates of Moment Tensor Elements and Double-Couple

Fault Parameters for the 29 November, 1989 Event

DEPTH (km) 4 6 8 10 12 14

Mxx 0.4682 0.0899 -0.2919 0.2874 0.5833 0.3345

Myy 0.9029 0.2351 -0.4833 0.1773 0.1531 -0.4801

Mxy -0.6996 -0.2884 0.0296 -0.4897 -0.1614 -0.2167

Mxz 0.0716 0.0398 0.0489 0.3516 -0.1246 -0.3747

Myz 0.0700 0.1989 0.1680 0.2843 0.4692 -0.1483

STRIKE (0 ) 32 14 10 17 33 305

DIP (0 ) 45 60 38 53 61 79

SLIP (0) 84 59 -84 39 63 -138

CLVD (7o) 2.8 12.5 44.7 11.8 14.1 2.3

Condition 4.38 4.27 4.08 3.29 3.37 4.38

Number
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Figure 8

Focal Mechanisms

For Nov. 29, 1991 Event

09 10

First Motion Solution 3-layer Crustal Model
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Table 8

Estiraes of Moment Tensor Eletnents and Double Couple

Fault Parameters for the 29 Januazy, 1990 Event

DMr'TH( ak) 4 6 8 10 12 14

M= OAsI 0.1383 _0=1~ 0.1253 0.272 04LI0

M0 o.6 .4.1079 .0.65n 41709 0.27 .0.3360

Mx ... 7•U ..335 o.o0.6 .o.1362 .A.IM 0.1910

M= 0.1254 0.1862 40492 -0.2333 -0.4261 41941

Myz A.o0 0.2160 O.= 0.2712 0.1219 .o.391

STRDM (0) 45 is 4 304 64 1

DIP (o) 42 65 31 30 66 65

SLIP (0) 88 19 -92 .174 102 -114

CLVD (%) 5.7 29.7 7.4 23.9- 15.0 30.5

CAdon 4.08 3.10 4.10 264 3.02 3.54

Number
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superior for generating the Green's functions, but surprisingly, even a single-layered crust

can provide valuable source information. This is extremely important if this inversion

process is to be automated.

After a best fit moment tensor mechanism was selected, the scalar seismic moment

of the earthquake could be determined based on the ratio of the maximum amplitudes

between the observed waveforms to the synthetic seismograms within the time window

used in the inversion. We found that the scalar seismic moment MO for the first event was

about 2.0x10 15 N-m, and for the second event about l.7x10 15 N-rn. The CLVD

calculated ranges from 2-45 % for the 29 November, 1989 event, and from 5-30 % for the

29 January, 1990 event. However, it was impossible to attach any importance to the size

of the CLVD since the CLVD size was very strongly dependent on the different crustal

structural models used in inversion.

Discussion

To determine the moment tensor from a single seismic station is possible as long as

more than one component of motion is used and sufficient number of data points are used.

Stump and Johnson (1977) showed this for body wave data; others have shown it for

various types of teleseismic data: normal mode data (Gilbert and Dziewonski, 1975), and

surface wave data (Kanamori er al., 1981). Which components of the moment tensor are

best resolved depends on the type of seismic data used in the inversion and the distance

range concerned. It is clear that if only one component of displacement is used in the

inversion only 2 or 3 model parameters are resolvable; neglecting the tangential component
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always results in less than 5 non-zero singular values. Figure 9 shows the eigenvectors

in model space, Vp from three components, which can be decomposed into two parts from

the tangential component and vertical plus radial component. Two components of motion,

one being the tangential, the other being the radial or vertical, will provide 5 non-zero

singular values, although the results are not as good as those obtained when all three

components of motion are used (see Table 9).

At a short distance range (about 60 km or more), interferences between various

reflected phases made the shape of waveforms more complicated as the source depth

changed. This could be seen clearly from the change in shape of the Green's functions.

As a result of this the focal depth is model-dependent and only can be constrained within a

certain range as we have discussed. Obviously, better knowledge about the crustal

structure, especially upper crustal structure, will be helpful in determining an accurate focal

depth.

Adding independent data from another seismic station will greatly improve the

quality of the inversion. In an experiment using two independent seismic stations with

epicentral distances of 60 and 90 km and azimuths of 600 and 1500, respectively, all model

parameters were well resolved. Larger non-zero singular values resulted in a sharp

decrease of the condition number X compared with that in the case of a single seismic

station. The diagonal terms of the posterior model covariance matrix are also reduced. In

other words, a much better solution with better stability and smaller variance was achieved

in our inversion by adding more stations.

Nevertheless, a single station can be used for the recovery of the seismic source

parameters as long as it has high dynamic range and is very broadband. Since many

earthquakes are only recorded on a limited number of seismic stations, or a single station,

this inversion procedure can greatly extend the usefulness of such sparse recordings.
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Table 9 Non-zero Singular Values and Corresponding

Eigenvectors in Model Space Vp

Non-
cases Zero Eigenvectors in Vp Space Condition

Singular Number
Values

0.54669 -0.03357
Tang. 5.93406 -0.54669 0.03357
Comp. 2.32509 0.63127 -0.03876

0.05308 0.86440
-0.03064 -0.49906

0.18887 0.12281 0.72158
Veri. 2.52857 0.59276 0.25152 0.39598

Comp. 0.68190 0.69956 0.22294 -0.56396
0.26518 -0.17576 0.46689 -0.03346

-0.30443 0.80868 -0.05795
0.35544 0.10980 -0.65806

Rad. 3.81329 0.68664 0.19661 -0.24759
Comp. 2.74719 0.57366 0.15037 0.71095

0.59127 -0.13520 0.48132 0.00729
-0.23416 0.83367 1 0.01262

Vert. 0.30458 0.13121 -0.67930
+ 4.54841 0.65879 0.22937 -0.29121

Rad. 2.83597 0.61352 0.17003 0.67218
Comp. 0.79754 -0.15557 0.47467 0.02193

-0.26946 0.82216 0.03798
VerL 5.96603 -0.54915 -0.04823 0.08704 -0.26870 0.82934

+ 2.45522 0.51185 -0.74525 0.30497 0.13357 0.26790
Tang. 2.32292 -0.65767 -0.54355 0.18713 0.03432 -0.48562 22.887
Comp. 0.68010 -0.04439 0.29679 0.46518 0.83210 -0.03400

0.26067 0.04401 0.24240 0.80499 -0.53653 -0.05863
Rad. 6.00271 0.57277 0.19532 0.08335 -0.27354 0.79126

+ 3.71009 -0.44706 0.85287 0.24953 0.05141 0.08858
Tang. 2.74293 0.68421 0.38734 0.12280 -0.02973 -0.60486 10.432
Comp. 2.32482 0.04111 -0.16678 0.46791 0.86688 -0.00791

0.57540 -0.04726 -0.23795 0.83472 -0.49420 -0.01207
6.07857 0.57687 0.07578 0.09867 -0.02794 0.80682

Twee 4.36072 -0.35480 0.87781 0.28639 0.05016 0.13794
Comp. 2.83029 0.73130 0.34274 0.13667 -0.03026 -0.57283 7.812

2.32484 0.01994 -0.18830 0.46117 0.86657 -0.02296
0.77815 -0.07834 -0.26603 0.82273 -0.49482 -0.03675

40



CHAPTER 3

REGIONAL DISTANCE RECORDINGS OF LARGE MINING
EXPLOSIONS: DISTANCE DEPENDENT DISCRIMINATION

Introduction

Regional distance seismology will play an important role in monitoring a non-

proliferation treaty or a restricted, low yield test agreement. The two technical facets of

such monitoring are the discrimination between explosions and earthquakes, and

discrimination between chemical and nuclear explosions. The focus of this research has

been on the chemical/nuclear explosion identification. Most large mining explosions have a

unique signature in the frequency domain due to the "ripple fire" detonation of explosions

separated by small distances and times. Ripple fire produces a unique spectral signature

which is strongly scalloped, and this signature can be used to discriminate between

chemical and nuclear explosions (Smith, 1988; Baumgardt and Ziegler, 1988; Hedlin et

al., 1988; Suteau-Henson and Bache, 1988). This nuclear/chemical explosion

discriminant is best at very high frequencies (> 20 Hz), but many of the GSN and Soviet-

IRIS stations are limited by a sampling rate of 20 sps. In order to investigate the

robustness of a ripple fire discriminate we have constructed a data base of seismic

waveforms from chemical explosions in New Mexico, Arizona, Utah, California,

Missouri, and Germany recorded on broad band seismic systems. In all cases we have

standardized the sampling rate to 20 sps. The data base now contains 712 recordings with

travel paths ranging from 12 km to 1456 km. The travel paths represent many different

geologic environments, many different blasting procedures and two orders of magnitude in

explosion size.
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Construction of the Data Bases

Much of the recent work in seismic yield determination and discrimination has

emphasized the use of regional distance data. There are several advantages to using

regional distance data. First, regional distance seismic stations can significantly reduce the

detection threshold over that achieved by teleseismic monitoring. The Lg amplitude

recorded at regional distances provides a very stable yield estimate. Finally, spectral

discriminate based on the fact that earthquakes produce more high frequency seismic

energy than explosions can be used with a high degree of confidence to small magnitudes

(mb - 3.5). Although much work remains to be done on quantifying the effects of travel

path on discrimination and yield determination, the outstanding problem in regional

distance verification is the identification and characterization of large chemical explosions.

Is it possible to always discriminate between nuclear and chemical explosions? Is it

feasible to develop an evasion scenario in which a nuclear explosion is fired in conjunction

with a series of chemical explosions? The only way to answer these questions is to

develop a data base of observations which can be analyses in terms of travel path,

explosion configuration and recording instrumentation. We have begun to develop data

base which now contains 712 recordings with travel paths ranging from 12 km to 1456

km. The travel paths represent many different geologic environments, many different

blasting procedures and two orders of magnitude in explosion size.

Most chemical explosion discriminates have been investigated for very high

frequencies (40 Hz) because the spectra stripping is most obvious when broad band width

is used. Unfortunately, the high frequencies attenuate rapidly for many regions; the

effectiveness of a scalloping discriminate is strongly dependent on travel path, which is

probably a reflection of variation in attenuation. We have used a lower pass band (20 sps)

to detail the effectiveness of various parameterization of spectra stripping as function of

distance. We have developed a significance test for scalloping based on the strength of the
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holes, and their periodicity. A spectra which has strongly developed, periodic scalloping

will have a significance of 1; a non periodic scalloping will have a much lower

significance. For the various regions studied we have developed relationships between

significance versus distance.

The Southwestern US. Chemical Explosion: We used the recordings at two IRIS stations

(ANMO and TUC) which are equipped with STS -I seismometers to develop a catalogue

of explosions. 16 mines or quarries produced a least one usable seismogram at ANMO,

which resulted in 136 recordings. The size of the explosions ranges from 17,000 to

171,000 pounds. The travel paths cross several different geologic provinces (the Rio

Grande Rift, the Colorado Plateau, the Datil Plains), and attenuation (Qp) probably varies

by a factor of 3. The mines in northern New Mexico and Arizona are primarily coal; the

mines in southern New Mexico and Arizona are open pit copper mines. In general, the coal

mines have larger explosions but the signal amplitude corrected for distance is smaller than

those explosions from copper mines. The frequency content is higher, suggesting that

attenuation is not responsible for the reduction in amplitude, but rather, it is the result of the

explosion medium.

Figure 10shows 9 mines which produced recording at TUC. Table 0 ogives the

coordinates of the mines and the size of the larges explosion recorded from a given mine.

Several of the mines have multiple explosions daily, and blasting practices varies

considerably between mines. We have developed a catalogue of 393 explosions recorded

at TUC. Figure l1is a histogram of the explosion as a function of distance for recordings at

ANMO and TUC. The bulk of the explosions are at distances of less than 600 kin,

although some clear recordings are seen all the way out to 1100 lan. Figure 12 shows a

comparison between the waveforms from an earthquake (July 28, 1992, ML = 2.8) and

copper mining explosion approximately the same distance from TUC. A causal inspection

of the whole waveform spectra does not offer obvious discrimination between the
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earthquake and explosion. However, if a sonogram is constructed the spectral hole at 3 Hz

persists for the explosion ; the significant algorithm assigned this waveform a value of

0.82.

Explosions in stable continental regions: the Midwest US and Europe. We have collected

chemical explosion waveforms recorded on the IRIS station CCM (Cathedral Caves,

Missouri) and the Graftenberg Array (GRF) in Germany. At present we have cataloged

about 80 events recorded on CCM, although all are much smaller than the Southwestern

U.S. explosions. We have collected approximately 100 records from 19 different sources

from GRF; the largest event was a magnitude 2.8 explosion (see Figures 13a and 13b.)

Preliminary Analysis of Data Bases

Preliminary analysis of waveforms from mine explosions in the southwest United

states indicates that characteristic spectral scalloping disappears beyond distances of 890

km. The significance indicator is typically less than .40 at this distance, and the explosions

are indistinguishable from shallow earthquakes. Figure 14 summarizes the significance

analysis. This is the result of the attenuation of the high frequencies; we also document

this effect in the spectral ratio of Pn and Pg phases. Using the Taylor et al. (1988)

algorithm which compares a high frequency and a low-frequency pass band (6 to 8 Hz and

1 to 2 Hz, respectively), the Pn and Pg phases both behave similar to earthquakes with like

travel paths.

The waveforms collected thus far for stable continental paths indicate that the

significance indicator does not drop to a value of 0.40 until 1,050 -1,100 kmn. We have not

yet collected any earthquakes in these regions for direct comparison.

We have correlated the "significance' with a number of parameters such as Pn

velocity, roughness of topography, and Sn velocity as a function of distance. Sn velocity

appears to be the best indicator of the range over which a scalloping discriminate is

effective. For Sn velocities of less than 4.3 km/s the discriminate fails 25% of the time
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beyond 800 km. For Sn velocities greater than 4.4 km/s, the discriminant fails 25% of the

time beyond 1100 kin.
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Table 10: Source Locations in the Southwestern U.S.

Source Name Lat Long Elevation ML

Cananea 30 57.606 110 19.560 1700 2.4
ChinoPit 32 47.432 108 4.149 2000 2.6
Morenci 33 6.396 10921.420 1311 2.4
Nacozari 30 19.600 109 33.000 1000 2.1
Pinto Valley 3327.360 110 53.250 1341 2.3
LiveOak 3323.160 111 2.292 1280 2.2
Ray 33 10.440 111 0.000 610 2.2
San Manuel 3241.831 11041.131 914 2.7
Sierrita 31 52.196 111 8.431 1219 2.1
Tyrone 32 42.576 108 24.127 1829 2.6
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Chapter 4

THE EFFECTS OF CRUSTAL STRUCTURE ON SPECTRAL
DISCRIMINANTS

Introduction

A comprehensive or low-yield threshold test treaty will require monitoring at

regional distances, and the seismograms at these distances are very difficult to

deterministically model. The character of the phases Pg and Lg show a very strong

dependence on travel path. Although scattering is apparently very importnt in controlling

the character of these phases, the gross features of the crustal waveguide, such as crustal

thickness, Pn velocity, and "continuity" of the waveguide, have a strong signature on the

efficiency of Pg and Lg propagation. It has been shown that Lg (and to a lesser extent Pg)

can be blocked by certain geologic structures such as grabens or mountain ranges. Further,

the efficiency of Pn propagation is strongly dependent on the uppermost mantle velocity

structure. For these reasons it is important to empirically characterize the efficiency of

regional distance propagation in areas in which seismic monitoring is important.

In the final phase of this research we have concentrated on regionalizing the crustal

structure in areas around the Western Himalayan syntaxis (Iran, Afghanistan, Pakistan and

northwestern India. The crustal structure in this region is extremely heterogeneous; there

are signatures of the India-Eurasian collision and the Arab-Eurasian collision. The method

we used to invert for the gross crustal structure is that of Wallace (1986) and Holt and

Wallace (1990). The Phi waveforms from explosions and earthquakes are strongly affected

by the waveguide nature of the crust. If the source terms of the waveform are understood,

then a Pnl waveform can be parameterized in terms of the average crustal thickness and Pn

velocity along a travel path. It is possible to determine these gross parameters using an
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iterative, linear inversion which minimizes the differences between an observed and a

synthetic Pal waveform. The norm, or error function, used for the inversion is given by:

= 1 - e 1/2 1f g 2 }j2

where f is the observed Pal waveform and g is the corresponding synthetic waveform. The

limits of integration correspond to the starting and ending time of the window over which

the waveform was inverted (these windows are typically 60-100 seconds). This error

function is minimized in terms of average crustal thickness and Pn velocity by using

numerical derivatives.

We have been successful in applying this methodology to a number of regions (for

example, see Holt and Wallace, 1990) and thus have tested the various trade-offs which

may affect the uniqueness of the structu• model. Both the crustal thickness and average

crustal velocity influence the relative timing of the multiple reflections and mode-converted

phases and thus influence the shape of the Pnj waveform. A change in crustal thickness

will affect the waveform much in the same manner as a change in average crustal velocity

(Wallace, 1986). Because of this trade-off, the average velocity is held constant in the

inversion, and we solved only for crustal thickness. Another possible source of error in

crustal thickness and Pn velocity is the seismic source parameters. In the inversion for

crustal thickness and upper mantle velocity, the source is assumed to be known. Most of

the sources for the moderate-sized earthquakes used here were obtained from body wave

modeling and body wave inversions. Holt and Wallace (1990) showed the regional

distance PnI waveforms have a characteristic signature that depends on the source, but

small source variations, within the bounds of uncertainty from body wave modeling or
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inversion have little influence on the Pnl waveform, and accurate estimates of crustal

thickness and Pn velocity can usually be obtained.

Crustal Structure of the Western Syntaxis

Figure 15 shows the study area, the seismic stations, the earthquakes used and a

series of blocks used to regionalize the region. The blocks were partitioned on the basis of

topography, geology and path coverage. A total of 32 earthquakes in the Hindu Kush,

Pamirs, Zagros, Turkey and the Quetta syntaxis recorded at 4 WWSSN stations were used

for the regionalization. The average crustal thickness and upper mantle velocity were

determined for each block by performing a linear weighted least squares inversion using the

crustal thickness and Pn velocity results for the individual paths. The average thickness

and slowness (1/Pn) of a given path are assumed to be the sum of the fraction of path

length in a given block multiplied by the thickness or slowness of the block:

xj = Y ) ,dijDj
i=1

where Xj is the average crustal thickness or slowness obtained from each inversion of the

Pnt waveform that travel path j, Xi is the same parameter for block i, dij is the distance

travel in block i by raypath j, and Dj is the total raypath length. The a priori variance-

covariance matrix is assumed to be a diagonal matrix composed of the variance from crustal

thickness and the slowness obtained from the individual inversions for each path. Holt and

Wallace (1990) have determined that errors in crustal velocity of± 0.1 km/s can lead to

errors in crustal thickness estimates of ± 5% of the true thickness. On the basis of

experience with inversions in the Tibet and China region, it is assumed that the average

standard deviations for crustal thickness and Pn velocity are ± 2.5 km and ± 0.1 krn/s
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respectively. Uncertainties in Pn velocity are due to errors in origin time of hypocenter

location.

Figures 16and 17summarize the results of the regionalized inversion. The standard

deviation of each parameter was obtained from a posteriori model variance-covariance

matrix after the inversion was performed. Block 1, which is dominantly south of the

Zagros has a crustal thickness of 33 km. Block 2 is in central Iran and is associated with

the Zagros. Although the crustal thickness is the most poorly resolved of any block, the

value of 60 km is consistent with the collision zone. Central Iran is believed to relatively

rigid (Jackson and McKenzie, 1984), with a very low level of seismicity. There is

considerable evidence for crustal shortening in the Kopet Dag. If thickening accompanies

this shortening, the crust should be overthickened. The Pn velocity is very high for this

region, and, as will be discussed later, the Pn and Sn propagation appears to be very

efficient, but the Lg propagation is at least partially blocked.

Block 3 is a region known as the Makran, and the is documented subcrustal

seismicity in this region indicating that the Arabian plate is being underthrust beneath

Eurasia (Ni and Baraznagi, Quitmeyer et al., 1979). This underthrusting is consistent with

the value of 56 km we obtained for the crustal thickness; the low Pn velocity indicates that

the upper most mantle is at elevated temperatures. Block 4 encompasses the Helmond

Basin (in regions into the southern USSR), and the inversion results are similar to those

obtained for the Markran. Block 5 is the Quetta Syntaxial region. The crust here is

relatively thin (30 kmn) and the Pn velocity is very low (7.5 km/sec). At first glance this

would seem inconsistent with a zone of convergence, but the Chaman fault is a major left-

lateral fault which may accommodate the collision. Finally, block 6 which is in the Hindu

Kush and Pamirs, has an extremely thick crust (75 kin) and a high Pn velocity (8.2

km/sec). This is consistent with other studies of the region (for example, Holt and

Wallace, 1990).
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We investigated the efficiency of the propagation of Lg and Pg several ways. The

first method is based on the empirical algorithm of Kenne et al. (1985). Each Lg train is

assigned a numerical code on the basis of Lg appearance. Although the size of the Lg

packet is not simply related to the nature of the crustal structure along the path, the largest

effects (such as blockage) come from prominent structural heterogeneity. A similar

empirical approach is used to assess Pg efficiency. The installation of two very broad band

seismic stations in the Soviet Union allowed us to also assess the efficiency of propagation

more rigorously. An envelope function was fit to Pn, Sn, Pg and Lg; these envelopes

were calculated at 1, 3 and 5 Hz. The ratio of the envelope functions for Pg and Pn was

used to calculate the relative efficiency of Pg. Similarly, the ratio of Lg to Sn was used to

calculate the efficiency of Lg.

Figure 18 summarized the Lg efficiency. Paths which traveled through relatively

constant thickness crust (for example, blocks 2, 4, and 3) were fairly efficient. As

expected, when paths crossed regions of rapidly varying crustal thickness, the Lg was

much diminished. For example, ray paths from the Hindu Kush to Quetta syntaxis were

nearly devoid of Lg. Similarly, earthquakes in southern Iran recorded at ASH (only two

events studied thus far) had poorly developed Lg. Figure 19 summarizes the Sn efficiency

(from Kadinsky-Cade et al., 1981). Again, crustal thickness heterogeneity plays a role in

the efficiency of propagation, although the correlation is much less well developed. For

example, the Pg phase is much more efficiently propagated for the Hindu Kush to the

Quetta syntaxis than pn. This is probably the result of very low Pn velocities in block 65

(as associated high attenuation of the uppennow" tntle.)

Summary

The crustal thickness has a strong effect on the character of short-period regional

phases. With the improved models developed from crustal and upper mantle structure

present in the Western Syntaxial region presented here, it is possible to predict the
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character is signals for events of interest in the Soviet Union or India and Pakistan. Clearly

Lg and Pg do not necessarily have similar propagation characteristics, and spectral

discriminate methodo loges should take this inro consideration.

Future work will rely on the digital data from the GSN and the new Soviet stations.

The envelop function developed for this study appears to yield a very good measure of the

efficiency of propagation for regional distance phases.
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CHAPTER 5

THE SEISMOTECTONICS OF THE LOP NOR, XINJIANG PROVINCE
PEOPLE'S REPUBLIC OF CHINA

Introduction

Underground nuclear explosions detonated at the Lop Nor test site have varying degrees of

nonisotropic seismic radiation. Four events (May 21, 1992, mb = 6.6; August 16, 1990, mb =

6.2; June 5, 1987, mb = 6.2; October 3, 1984, mb = 5.7) produced strong regional distance Love

waves which have an azimuthally dependent amplitude variation consistent with that expected for a

double-couple source. We have interpreted these in terms of tectonic release. The May 21, 1992,

event was the largest underground explosion to occur since 1977; the tectonic release was large

enough such that the Harvard CMT project was able to recover a double-couple component

corresponding to MW = 5.2 (Ekstrom, personal communication, 1992).

Historically, the area around the Lop Nor test site has had a very low level of seismicity.

Since the first underground test (September 22, 1969, mb = 5.2), only 23 earthquakes have been

reported in the PDE to have occurred within a 200-km radius of Lop Nor. Most of these events

were too small to be well recorded on the global seismic network. Since the late 1980s, a new

digital seismic station has been operating in Urumqi (WMG), the capital of Xinjiang Province,

-260 kim away from the test site. In this study we have collected the regional records for 14

earthquakes recorded at WMQ to detail the focal mechanisms of the events around the Lop Nor test

site and explore the relationship between the tectonics of the Tarim Basin and tectonic release from

underground nuclear explosions.
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Lop Nor Test Site

Jun4ar Basin-AWMQ Sep. 17,1991'

Turphn Basin

ur. Nov. 15,1988
420 H
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Figure 20. Topographic map of the area around the Lop Nor Test Site. Ile interval of the
contour lines is 1000m. The inset shows the geographic location of the map. Ile black dots
are the unclear explosions which began in 1964. Ile black dots in the south are the

atmospheric explosions, while those in the north are underground nuclear explosions. The
open circles are the epicenters of the earthquakes with a total number of 25 since 1950
within 200 km around the Lop Nor. The open circles with a cross are the events we studied
in this paper. The open triangle is the CDSN station WMQ.
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Most of these underground nuclear explosions have non-isouopic

component. Figure 21b shows some of the tangential records for the explosimn on May

21, 1992, the largest nuclear explosion in last 15 years. At almost all the azriuths, the

Love waves am very large and coheet at periods of 20 seconds

Geological and Geophysical background

Lop Nor is located in Northeast corner of Tarim basin, Xinjiang province, China

(Figure 20). The Tarim Basin is a rigid block of P hrecabrian and Paleomic rocks which

has survived relatively undeformed during the ongoing collision between Indian and

Eurasian Plates. Most of the Tarim Basin is covered with a Quaternary sedimentary

sequence. Within the vicinity of the Test Site this cover is very thin (a few meers to 10's

of meters thick), and Paleozoic "hard" rocks are exposed [Matzko, 1992]. But at some

other places in the basin, the bedrocks is buried as deep as 13-16km Lios

Dynamics Atlas of China]. The southern edge of Tarim Basin is the north margin of

Tibetan Plateau with average elevation of 5 km and north of the basin is the T'mn Shan

mountain belt. The evolution of Tarim basin is closely related to the evolution of the

Tibetan Plateau to the south and Tian Shan to the north [Molnar and Tapponiar 1971, 1975

etc.]. The detailed geological history of the Tarim basin and adjacent areas such as Tian

Shan, Junggar basin and Kunlun mountain range in northern Tibetan Plateau is not well

known. but according to some of the geological studies [Carroll et al., 1990;, Hendrix, et

al., 1992: Feng, 1985], the structure and the topographic features of this area are the result

of a series of the collisions throughout the Phanozoic time.

Since Late Paleozoic time, the entire Xinjiang area has undergone several deformation

cycles. The Junggar Basin was the Junggar ocean during the Paleozoic; it was formed as a

foreland basin adjacent to a subducuon zone to the south (Tian Shan) at Late Paleozoic time
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[Carroll, et aL, 19901. The initiation of the Tian Shan mountain range may be the result of

the arc system and the subductioa. The collision between the Tarim block and Siberia

blocks (including Junggar basin and arc system at soust--T'an Shan) enhanced the size of

T'-n Shan (Hendrix, et aL, 19921 and at the same time the Tarim block ha undergo

clockwise rotation (Li, 1990; Li, et al., 1991; Enkin, et aL, 19921. During the Mesozoic

time, there was some type of mountain ranges in the Tian Shau area providing the

depocenter for both of the Junggar basin and Tarim basin [Hendrix, et al., 19921.

Throughout much of the Mesozoic era, the Tlan Shan may have had several large-

displacement stike-slip faults. This is similar in many ways, to the modern Tian Shan

fault system and it is likely that a series of reverse and/or thrust faults bounded the range on

either side [Hendrix, et aL, 1992]. The Cenozoic collision between Indian Plate and

Eurawsian Plate accelerated the uplifting of the Tian Shan and subsidence of the Tarim and

Junggar basin and reactivated the fault systems in Tian Shan area.

The detailed uplifting history of Tian Shan is not well known, Although it has been

postulated that the pan within the Chinese borier seems to have achieved its xgopgraphy

relatively recently [e.g. Feng, 1985]. Unlike the Himalayas which are thought to have

experienced rapid uplift in the Miocene [Harrison, et al., 1992], the massive uplift of the

Tian Shan range maybe much later (Feng, 1985]. It might have started at the Eocene,

when the Indian Plate collided with the Eurasian Plate but the uplift rate was very slow.

Uplift in Tian Shan accelerated in the early Pliocene [Feng, 1985]. This rapid uplift

accompanied by extensive faulting at the edge of the mountain range. There was

deposition of a thick pile of conglomerate in the foot hills of Tian Shan. It is not known

whether this deposition episodes were caused by rapid erosion or severe weather change.

By analyzing the geomorphic features of the fault system in Xinjiang area, Feng [1985]

also pointed out that, at the end of the early Pleistocene, large scale deformation of these
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deposits occurred, most of which were tilted and folded due to the N-S compression. In

the northern Tian Shan, the dip angle is 10*-20, but at some area in southern Tian Shan

(northern Tarim basin), the dip angles reach 80P. At Kunlun (southern Tarim basin), the

dip angles are 30-40*. From Mid-Pleistocene the mountain ranges are characterized by

episodic uplifting, forming many valleys cut by rivers. Some of the well developed anciem

river beds are above the current river drainages by 40-80m. Some of these river beds are

tilted by faultings, dip angles are about 140.

Despite of all of the controversy on the detailed history of the area. one thing seems to

be in common: the fault system in Tian Shan area generated during the collisions at Late

Paleozoic and Mesozoic time has undergone both reverse/thrust and strike-slip motions to

accommdate the collisional convergence. Many of the faults are still active today [Carroll,

et al, 1990, Hendrix, et al, 1992 and Feng, 1985]. Most of these faults are parallel of the

topography, trending W-E or in a NW-SE direction. By studying the earthquakes and

geomorphologic features on these active faults, Feng [1985] has sunmmarized that they can

be characterized by two types: 1) Thrust faulting and 2) strike-slip faulting. The thrust

faults are mainly in Tian Shai, parallel to the trend of the mountain range m W-E directiom

The strike-slip faults are mainly in NE-SW, N-S or NNW-SSE direction and have right

lateral motion. Some of these faults have been reactivated many times during Cenozoic.

Lop Nor test site is located in the eastern tail of the Tian Shan range, at the transition

zone from the basin to the mountains. Historically, Lop Nor region has a relatively low

rate of seismicity within 200 km of the test site. From 1950 to 1992. oniy 23 earthquakes

have been located by the PDE or ISC and most of them are small (Ms<5. 1). Most of the

fault mechanisms are reverse faults although some have oblique right lateral shear motion.

71



A)4

72



The Earthquakes Around Lop Nor

SSMT resuits:

Most of the earthquakes in Lop Nor are in magnitude range of Mb = 5.3 or less. They

are too small to be well recorded at teleseismic distance, but many were very well fFren'dt

at regional distance. Figure'23 shows a typical regional recording at station WMQ of an

earthquae which occurred near Lop Nor. In this study, we collected 6 events within 200

km around the Lop Nor test site and very well recorded at the station WMQ (distance - 250

Ian). We use the Single Station Moment Tensor inversion method (SSMT) [Fan and

Wallac. i991; Gao and Wallace, 1992] to study the focal mechanisms of these events.

The paramcters of these events are listed in Table 11.

Regional distance body waves, the Pnl waves, are very useful in determining the

earthquake source parameters [e.g. HeImberger and Engen, 1980, Wallace, et al., 1981,

1982; Wallace,1985; Xu et al., 1989; Gao and Wallace, 1993]. If the regional data is of

very high quality (Broad band, high dynamic range), the source parameters can be obtained

by inverting the three components of a single station records [Langston, 1982; Ekstrom, et

aL, 1986: Jimenez, et al., 1989; Fan and Wallace, 1991]. Fan and Wallace [1991] have

lilustraxed that the 3 components of a single regional station seismic records can be used to

determine the focal mechanisms, this algorithm works especially well for small and

inrermediate earthquakes. By assuming a point source and a simple source time function

scaled to earthquake size, five Green's functions corresponding to the five elements in the

moment tensor can be constructed, then the five moment tensor elements (.an be inverted in

-a ieast square sense by the SVD (Single Value Decomposition) method. The seismic

phases amving at a regional seismic station (30<A<130) are of relatively low frequency, and

somewhat insensitive to the regional velocity structure. Most the seismic rays in the travel

Path are the head waves and multiple reflections between the earth surface and the Moho

fPnl waves) [Wallace, 1985, 1986; Xu, et al., 1989]. The velocity structure in Tian
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Table I ,..Earthquake locations around Lop Nor

Event (No.) OT (PDE) Frz * (PDE) Mzagninxic

Daue, hourminuzmec Lat (N') I

Event I Mar. 20, 1976, 4:34:3.6 41.783 88.697 5.1

Event 2 Nov. 15, 1988, 16:56:46.2 42.018 89.295 5.3

Event3 Jan. 21, 1990, 7:53:31.9 41.534 88.728 4.6

Event 4 July 6, 1990, 17:22:50.3 43.240 89.681 4.2

Event 5 Nov. 3. 1990, 17:25:13.8 40.882 89.071 5.1

Event 6 June 6. 1991, 8:2:7.5 42.705 87.221 5.1

Event 7 Sept. 17, 1991, 18:53:22.2 43.141 87.968 4.8

Event 8 Feb. 26, 1987, 19:56:35.5 38.01 89.15 6.4

* -- From Xu, etal, 1989.
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Shan and Tarim Basin is no doubt complex with the thickness of the crust varying from

45 km in the central of the Tarim Basin and 55 km ax the edge of the basin (Lithospieic

Dynamics Atlas of China]. Although a 40 km thick crust is enough to fit the gravity dwa

[Lyon-Caen and Molnar, 1984], surface wave dispersion studies give a much thic

crustal thickness - 62 km [Zhu. et aL, 19821. The receiver function studies at the station

WMQ indicate a 55 km thick crust( Mangino and Ebel, 1992]. Similarly, Pn velocity

varies from 8.0 to 8.2 km/s [Zhu, et al., 1982; Mangino and Ebel, 1992]. But for source

parameter study, a very simple model is sufficient to fit the waveform [e.g. Wallace 1984;

Xu, et al., 1989], since the waveform is much more sensitive to variations in the source

orientations. We use a simpie model with a crust over a half space; the thickness of the

crust is 50 km with P wave velocity 6.1 km/s, S wave velocity 3.4 km/s, density 2700

g/cm3 and an average Pn velocity is 8.0 km/s, Sn velocity 4.4 kni/s, density is 3300 g(cm 3

in the mantie. The Green's function are calculated separately by Generlized Ray Method

at a suite of hypocenual depths. In the inversion, there is an iteration over depths and the

RMS (Root Mean Square) errors calculated. The best depth is chosen based on the

minimum error (Figur 24a ). If the values of the error are similar, a depth is picked to

correspond to the depth where three moments from the three components are in closest

agreement. In this study, we use the absolute value of the data (Earth displacement in

meters) in the inversion. Thus, no objective functions are used. Figure 24a shows the

displacement waveform fits for the inversion of Event on Nov. 15, 1988. Gao and

Wallace (19931 have iilustrated that SSMT results is much less sensitive to the crustal

structure than to the source characteristics itself, so the variation of the assumed crustal

structure does not affect the focal mechanism results much. But there is some trade-off

between focal depth of the event and the crustal thickness of the regional structure

LWallace.i986. Gao and Wallace. 1993], so the error versus depth curve only indicate
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Figure 24b
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Table 12. somce parameters

Event focal medanis (0) soure time fuctions (s) depth Aveza

(No.)' 9 8 f !&I 8t2 & 3  (kmn) Mo iNm,

Event 31 8

Event2 318 1 86 -2 0.5 0.5 0.5 12 2*1017

Event 3 340 78 95 0.2 0.5 0.2 4 1.5*1017

Event 4 266 35 44 0.5 0.5 0.5 16 1*1017

Event5 300 t 85 10 0.4 0.5 1 0.4 6 1.5*1017

Event6 280 40 50 0.1 0.2 j 0.1 10: 1.5*1017

Event 7 303 74 43 0.5 0.5 j 0.5 10 I 2*1017

Event 8* 274 70 90 1 3 1 16 99.8*1017

-From Xu, et al, 1989.
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whether the event is relatively shallow or deep. The strucnre with 50 km thick crust is

used throughout our study and the depths in Table 12 are the best depths with this

structure. The numbers on the right of each component fit (Figure 24a and Figu•e 24b)

are the mmnts calculated by

Mo = 4xp x 1013 x (Amplitude of the observation in cm.) (NM (1)
(Amplitude of the synthetics in cm)

The average moment for each event is also shown in Table 12. Figure 24 shows two

examples of the SSMT solution. The event on Nov.15. 1988 shows a strike-slip focal

mechanism, while the earthquake on Jan. 21, 1990 is a thrust event. The thrust event in

1990 is within the Test Site (Figure 20 ),

Figure 25 smimmarizes the focal mechanisms of the events we have studied, them are

both strike-slip and thrust events happen in this area. The P axis from the focal

mechanisms trend N-S, NE-SW and NW-SE direction, which is consistent with the

regional stress regime (Lithospheric Dynamics Atlas of China]. Two events (Event 1 and

Event 8, see Table 11 ) from other studies are also plotted. Both of them are thrust

events. The event in 1987 is from Pnl regional waveform modeling [Xu. et al. 1989], and

":he earthquake in 1976 is obtained from modeling the upper mantle records in QUE and a

teleseismic record. The source parameters of all the earthquakes are listed in Table 12.

Tectonic release at Lop Nor

There has been total 15 underground nuclear explosions in Lop Nor area. Most of them

are well documented in ISC bulletin. Usually, the CDSN stations do not record the nuclear

explosion records, but there was an exception on Sept. 29. 1988. This was recorded on

:he CDSN station WMQ (see figure 26 ), but it was not reDorted as an explosion in ISC

bulletin. Although this event is very small (M-4.2), It aiso has a significant Love wave,

but it is not as iarge reiativeiv as those records for the exoiosion on May 21. 1992 (Figure
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Figure 25. Focal mechanisms of the events studied here. Both strike-slip and thrust events
happen in this area. Ile P axis from these events are in N-S or NE-SW direction which
is very consistent with the regional stress regime. The numbers in the focal mechanisms
are die events number (See Table 1).

80



811



21 ). This might indicate that the tectonic release generated by this event is very small

[Wallace. 1992]. This small tectonic release event can be used to study the larger

explosions.

To understand the tectonic release by undergrund nuclear explosions, we modeled the

body waves from the largest explosion (May 21, 1992). The modeling results are shown

in Figure 27. We used the Heimberger-Harkrider source time function with R=10,

B=100. The seismic record generated by this explosion seems to be complex. Figure 27

shows a typical record at OBNI (Dis =36.40, Az=3 100). There are 3 major phases showing

in the first 5 seconds, the P, pP and an unknown phase. The reflected phase pP iming

seems to be delayed longer than for most of the explosions at NTS (usually 0.4 sec - 1.2

sec) [Lay, 1992]. It all appears at about 1.35 seconds. If we assume the average crusm P

velocity is 6.1 kmi/s, the apparent depth of the explosion would be at least 4 km. The

unknown phase after pP is very interesting. It could be sP generated by a earthquake

source (Wallace et al, 1983]; or sP-like phase generated by slap down from spall [Douglas

et al. 1986]; or a summation of several phases excited by an earthquake source. If we take

a look of the available teleseismic P wave (Figure 28 ), we see that most of the records do

have this unknown phase, but the amplitude of this phase varies from station to station.

Some of them are large, but some are small. If this phase is generated by spall slap down,

it would not be expected that there would be much ampiitude variation. Tectonic release,

and associated phenomena such as sP is most likely involved in the event. The CMT

solution of the Love waves of this event shows a su'ike-siip focal mechanism [Ekstrom,

personai communication]. This strike-slip earthquake with a delay time 0.3 seconds after

the main explosion is added to the teleseismic P wave synthetics, and the records are fit

reasonably well (Figure 27. Figure 28 ).
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Table 13. Focal mechanism of the tectonic release

0()) 8t I (s) I St2(s) t3(s) depth(km) I nnedelay (s) Mo(Nm)

320 80 0 0.01 0.05 0.01 4 0.3

83



Station: OBN

P pP

Obs.

Exp only

Exp + eq

I I

5. sec

Figure 27

84



003

000

20

01 (4-; 

00

1 4,i I47

Wit '3

'3 85



Almost all the nuciear explosions generame some sort of non-isotrpic component which

could be interpreted as tectonic release (Wallace, 1992; Patton, 1992]. This non-isou-opic

component is shown in the tangential component of the seismic records (SH or Love

waves) [Wallace. 1992; Patton, 1992]. The amplitude of the Love waves indicates the size

of the tectonic release [Wallace, 19921; the higher the amplitude, the larger the tectonic

release. Since the small explosion on Sept. 29, 1988 is a low release event (Figure 26)

it could be used to simulate higher release explosions. Unforunmately, as we know, the

CDSN usuaily do not report any recoras of the Chinese explosions, we do not have other

explosions records at WMQ. Based on the unique records for the explosion on Sept. 29.

1988 and the WMQ earthquake records of the events around Lop Nor area, we can

simulate what would look like once the tectonic release increases. The whole process is

simply add an earthquake record to the explosion record which is shown in Figum 29

First we normalize both of the records for explosions and earthquakes to the same scale,

then line them up at the first arrival of the P wave since the events we chose are very very

close to the explosions, and simply add them together. The first trace on Figure 29 is

:he low tectonic release explosion records at tangential component. The second trance is

the summaanon of the explosion and the earthquake with a proportion of 1:1. Then thethird

is with a proportion of 1:2 (with the double size of earthquake). Then the fourth is 1:3 and

so on. When larger portion of earthquake records is added, the ratio of surface wave

amplitude to the body wave amplitude becomes larger and larger indicating higher and

higher tectonic release. Figure 29 shows an explosion with a su-ike-slip reiease

earthquake record of the event on Nov.15, 1988 shown in Figure 24a ) and Figure

29 shows an expiosion with a thrust event ( Jan. 21, 1990 shown in Figure 24b ).

Cleariv. different mechanism of the tectonic release generates different seismic records.
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The size of tectonic release is also desibed by the magmnnit of the Love waves

associad with the explosions. Smallr tectnic release has smalleMs as deumizd from

the Love waves. By analyzing the explosions at NIS, Paton [19921 illus] ted that the Ms

from anexplosion and the size of the explosio (yield) has a smwl power relaonshp. If

we plot it in to a single log chart, the relationship is straight line (Figure 30 ).

Depending on the size of the explosions, the slop of this smaight line is diffeet When

the yieldis less than 100 ktthe slop is 0.84; once the yield is larer than 100 ki the sop is

1.33 (Figure 30 I. e tectonic release associated with the NTS sts is also fallingmto

two categores based on the size of the explosions. For small tests (yield W<300 kL), mst

of the tectonic release is represented as dip-slip reverse faultng, while when W>300 ia, the

tectnic release is dominated by vertical strike-slip faulting Paton, 1992] (Figure 30).

From all the digital records available from IRIS, the Ms of the Love waves of the exploom

on May 21, 1992 at Lop Nor Test Site is 5.1. With a yield of 660k (Wallace, 1992b),

this event is also plotted on Figure 30 . We also calculated the Ms for the Lop Nor

explosions on Aug. 16,1990 and Sept. 25,1992. They are also shown on Figu 30

It is remarkable that the points for the explosions at Lop Nor fall right on the statistic lines

for the tests at NTS. And the body wave study of the explosion on May 21, 1992 indeed

has a strike-slip tectonic release.

Discussion

The geography and geology in Lop Nor is no doubt very different from those in NTS,

but the physical phenomena from the underground nuclear explosions are very similar.

There is always some type of tectonic release associated with the explosions at both NTS

and Lop Nor. It seems to be in common that the release associated with smaller explosions

are dominated by thrust faulting while larger explosions generated vertical strike-slip

mechanism tectonic release. For the small explosion on Sept. 29, 1988. which is a low
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tectonic release event, one would expect the tectonic release would show a thrust focal

mechanism. But unforunaly, for a small event (with yield 10-20 kt) like this, there ae

not enough small yield events to reliably determine if te=aic release scales diffaeniy

above and below some yield cut-off. Also tde waveform of this event (Figure 26 )sm

to be complicated and the tectonic release is too small to be well determined. For large

explosios it appears that tectonic release is associated with a volume of material, and tha

volune is related to dhe size of the explosm [Wallace, 1992]. The rock type appears to be

a very important parameter in controlling the size of tconic release also [Toksoz and

Kehrer, 1972, Wallace, 19921. The harer the rock, the higher the tectonic release The

hard rocks at Lop Nor Test Site consists of Devonian (360-390 ma) metamohosed

conglondomemand sanm e andCarboifers (290-360 ma) granite-[Matzko, 19921, and

these rocks are most capable to gc=n t high tectoic release. In his review paper, Wallace

[19921 summarized that the earthquake-like tectonic release are likely the result of three

phenomena: 1) driven block or jointmoton, 2) the release of the accumulated strains stmed

in volume surrounding the explosion, and 3) triggering slip on prestressed faults. The

driven block motion is observed in all the explosions and is dominated by thrust type

mechanisms, while the other two factors are dictated by the regional stress patern. For

smaller explosions, the driven block motion dominates because the energy is not high

enough to either trigger any motions on faults or cause the release of accumulated strain.

For larger explosions the volumetric stress-release can dominate, thus producing a seismic

wavetrain which looks like a sum of an explosion and an earthquake. The mechanism of

the earthquake is dependent on the regional level and orientation of stress. The earthquake

studies of Lop Nor area show that both thrust and strike-slip earthquakes are happening

and the tectonic release of the largest explosion so far on May 21, 1992 has a similar type

mechanism as the earthquake occurred near by.
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Conclusions

The non-isotropic component of the seismic records of the underground nuclear

explosions at Lop Nor Test Site can be interpreted as tectonic release. This tectonic release

is very consistent with the regional stress regime and earthquake mechanisms in this area.

Despite of all the differences in geography and geology, the explosions in both Lop Nor

and NTS do show something in common: larger explosions generate more tectonic release

and this tectonic release is dominated by vertical strike-slip faulting, while small explosions

generate less tectonic release which is dominated by thrust fauking. The orientation and the

movement of the faultings are associated with the regional stress regime and fault

distribution at the test site area.
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Figure Captions

Figure la: Two fundamental Green's functions for the tangential component, assaming a trapezoid
source (0.2, 0.4, 0.2 sec) and a receiver at A = 60 km from the source. Note that the
character of the Green's function changes with depth.

Figure Ib: Three fundamental Green's functions for the radial component. The source is the same
as that in Figure la.

Figure Ic: Three fundamental Green's functions for the vertical component. The source is the
same as that in Figure la.

Figure 2: A map showing the RMS error versus depth calculated from the "observed
seismograms" and the synthetics predicted from the moment tensor inversion results for
strike-slip, normal, and reverse faults. The minima of the RMS errors occur at 10 kmn,
the assumed source depth.

Figure 3: A similar map showing the SSM error versus depth obtained from the moment tensor
inversion for strike-slip, normal, and reverse faults. The minima of the SSM errors
also occur at a depth of 10 km, the assumed focal depth.

Figure 4: A schematic map showing the multi-layered crustal models used in our numerical
experiments and earthquake analysis.

Figure 5a: A comparison between the original focal mechanism of dip-slip faulting and the fault
plane solutions obtained from a single seismic station with A = 600, given the various
crustal models. All fault plane solutions are lower-hemisphere projections. The solid
circles and open circles represent the compressional axis and the tensional axis,
respectively.

Figure 5b: A similar comparison between the original focal mechanism of strike-slip faulting and
the fault plane solutions obtained from the single seismic station. All illustrations are
the same as those in Figure 5a.

Figure 6: A simplified map showing the epicentral region and two focal mechanisms. ANMO,
near Albuquerque, New Mexico, is at an azimuth of 300 from the epicenters. A small
map at the right bottom corner shows the location of the map area.

Figure 7: A comparison between the synthetics and the observed seismograms for events on
November 29, 1989, and January 29, 1990. The synthetics are dashed lines, and the
observed waveforms are solid lines. The maximum amplitude ratios of the observed
data to the synthetics are also shown. The RMS errors were calculated for the
inversion windows shown by arrows for each component.
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Figure 8: Possible fault plane solutions for the November 29, 1989, event. The numbers at the
top right comer of each solution are corresponding focal depths.

Figure 9: A stick graph showing the composition of the eigenvectors in model space Vp from
three different inversions.

Figure 10: Location of mining explosion sources in the southwestern U.S. Table 10 gives the

coordinates.

Figure 11: The distance distribution of the data base for the southwestern U.S.

Figure 12: A comparison between a small earthquake (left) and an explosion (right) recorded at
TUC. The traces are raw broadband ground velocity.

Figure 13: Significance as a function of distance for the southwestern U.S. Significance of 1
means a ripple-fire explosion with 99% confidence. Significance of 0.5 means
ripple-fire explosion with 66% confidence.

Figure 14: The distance distribution of the data base for the central U.S.

Figure 15: The distance distribution of the data base for the European events recorded at GRFO.

Figure 16: Stations (diamonds), earthquakes (squares), and raypaths used to regionalize the
gross crustal structure in the region around the western Himalayan syntaxis.

Figure 17: Crustal thickness estimates for the six blocks of the regionalization. Standard
deviation is a formal estimate obtained from the model variance-covariance matrix.

Figure 18: Pn velocity estimates for the six blocks of regionalization. As before, standard
deviation is from the variance-covariance matrix.

Figure 19: Efficiency of Lg propagation. Density of dotting indicates the efficiency of Lg
propagation (the darkest regions represent the most efficient paths).

Figure 20: Topographic map of the area around the Lop Nor Test Site. The contour interval is
1000 m. The inset shows the geographic location of the map. The black dots are the
nuclear explosions which began in 1964. The black dots in the south are the
atmospheric explosions, while those in the north are underground nuclear explosions.
The open circles are the epicenters of the earthquakes, with a total number of 25 since
1950 within 200 km around the Lop Nor. The open circles with a cross are the
events we studied in this paper. The open triangle is the CDSN station WMQ.
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Figure 21a: Arecordof the explosion (Mb-i 6.6) on May 21,1992, atGAR(dis = 14, az = 265).
It has a significant Love wave component. The three components of the record are
1malized to the same scale.

Figure 21b: The latest and the largest explosion in Lop Nor (M - 6.6) was very well recorded
world wide. At all azimuths, there is a large Love wave (tangential component). The
records shown are filtered to 20 seconds.

Figure 22: The fault distribution of the Xinjiang Province. Most of the faults are concentrated in
the mountain regions and the boundaries of the basins, where most of the
deformation occurs. In the Tian Shan area, most of the faults are reverse/thrust
faults, and some of them are right-lateral strike-slip faults. There is a major thrust
fault going through the Lop Nor area.

Figure 23: Typical records of an earthquake near Lop Nor recorded at WMQ. The records show
a very high signal-to-noise ratio and a very high quality of the body waveforms and
surface waves.

Figure 24a. SSMT solution of the event on November 15, 1988. This event shows a strike-slip
mechanism with a minimum error at a depth of 12 km.

Figure 24b: SSMT solution of the event on January 21, 1990. This event shows a thrust
mechanism with a very shallow depth.

Figure 25: Focal mechanisms of the events studied here. Both strike-slip and thrust events
happen in this area. The P axes from these events are in N-S or NE-SW directions,
which is very consistent with the regional stress regime. The numbers in the focal
mechanisms are the event numbers (see Table 11).

Figure 26: A record of a small explosion ( (M = 4.2) on September 29, 1988, at WMG. The
figure also shows a tangential surface wave component, but the component is not as
large as that associated with the explosion on May 21, 1992.

Figure 27: Three major phases observed in the data for the first 5 seconds-P, pP, and an
unknown. The third phase can be modeled as an earthquake phase shown at the
bottom trace.

Figure 28: The results of the body wave modelling for the explosion on May 21, 1992. The
explosion source only (the middle trace) cannot match the wavetrains observed,
especially the second trough in the observation. Once a strike-slip earthquake source
is added (lower trace), the data can be matched reasonably well.
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Figure 29a: Simulation of the WMQ records for tectonic release with an explosion record
(September 29, 1988) added to a strike-slip earthquake (November 15, 1988), with a
variation of the size of the tectonic release.

Figure 29b: Simulation of the WMQ records for tectonic release with an explosion record
(September 29, 1988) added to a thrust earthquake (January 21, 1990), with a
variation of the size of the tectonic release.

Figure 30: The relationship of MS versus explosion yield showing the tectonic release of an
explosion at NTS (from Patton, 1992). For smaller explosions (W < 300 kt), the
tectonic release is dominated by reverse faulting, but for larger explosions (W > 300
kt), strike-slip faults dominate the tectonic release. The Lop Nor events are also
plotted on this chart as open circles. The Lop Nor events appear to fit the NTS
relationship very well, and indeed, the explosion on May 21, 1992, did show a
strike-slip tectonic release.
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